Recently published results suggest that prenatal repair of fetal myelomeningocele is a potentially preferable alternative when compared to postnatal repair. In this article, the pathology of myelomeningocele, unique physiologic considerations, perioperative anesthetic management, and ethical considerations of open fetal surgery for prenatal myelomeningocele repair are discussed. Open fetal surgeries have many unique anesthetic issues such as inducing profound uterine relaxation, vigilance for maternal or fetal blood loss, fetal monitoring, and possible fetal resuscitation. Postoperative management, including the requirement for postoperative tocolysis and maternal analgesia are also reviewed. The success of intrauterine myelomeningocele repair relies on a well-coordinated multidisciplinary approach. Fetal surgery is an important topic for anesthesiologists to understand, as the number of fetal procedures is likely to increase as new fetal treatment centers are opened across the United States.
Introduction
Myelomeningocele (Spina bifida) is a non-lethal neural tube defect that currently affects an estimated 5-10 pregnancies per 10,000 in the United States. 1 Although the incidence of myelomeningocele has decreased with maternal folic acid supplementation, it remains the most common form of spina bifida. A myelomeningocele occurs during the 3 rd and 4 th weeks of gestation when the embryonic neural plate fails to complete its development and does not close along its length. This results in an open spinal canal with protrusion and exposure of meninges and other neural elements through the defect at birth (Figure 1 ).
With improved early prenatal screening and option for pregnancy termination, myelomeningocele occurs in approximately 3.4 per 10,000 live births. 2 The specific cause of myelomeningocele remains unknown, but it is likely multifactorial. The greatest risk factor for having a child with a myelomeningocele is a history of a previously affected pregnancy with the same partner. Other risk factors include inadequate folic acid intake, pre-gestational maternal diabetes, and carbemazepine or valproic acid exposure in early pregnancy. Maternal serum alpha-fetoprotein measurement and screening ultrasonography are now used to make a prenatal diagnosis of myelomeningocele in the second trimester of pregnancy. Amniocentesis and fetal magnetic resonance imaging also can be performed to rule out additional anomalies. 3 Approximately 10% of babies born with a myelomeningocele die in infancy, and there is a 25% overall mortality during the first 25 years of life, with the mean age of survival estimated at 30 years. 4, 5 Infants born with myelomeningocele require surgical closure of the defect within the first few days of life and are faced with life-long disabilities (Table 1 ) including motor dysfunction below the level of the lesion as well as bowel and bladder dysfunction due to loss of sacral nerves. Although the degree of motor and sensory disability is associated with the level of the vertebral defect, the functional level of neurologic deficit is frequently one or more levels higher than the anatomic defect. 6 Additionally, nearly all infants born with a myelomeningocele have supraspinal neurologic manifestations of the disease process. The Arnold-Chiari Type II malformation is frequently present and includes a small posterior fossa, brain stem abnormalities, and hindbrain herniation (downward displacement of the medulla, cerebellum and fourth ventricle into the spinal canal) resulting in hydrocephalus. The degree of hindbrain herniation does not correlate with severity of symptoms. 1 Ventriculoperitoneal shunting is required in 85-90% of children, and despite shunting, some children will have permanent developmental deficits from the Chiari malformation, including central hypoventilation/apnea, oromotor dysfunction, vocal cord dysfunction, and swallowing difficulties. 1, 7 Patients with ventriculoperitoneal shunts need life-long monitoring, and often require surgical revision. 3, 8 Intellect can also be affected in patients with myelomeningocele. Children with spina bifida that do not require shunts are less likely to have learning disabilities compared to those who do, and the average intelligence quotient of those patients with a ventriculoperitoneal shunt is 80 (low-normal). 9 Serial ultrasound images of fetuses with myelomeningocele suggest that central and peripheral nerve damage is progressive over time. 10, 11 In animal models, fetal closure of a myelomeningocele results in improved neurological function. 12 This is thought to be due to decreased exposure of neural tissue to the intrauterine environment, resulting in neural tissue preservation. Thus, a two-hit theory of nerve damage has been postulated: the first hit being the failure of the neural tube to form and the second hit being nerve damage caused by exposure to the uterine environment. The option for in utero repair has the potential to decrease neurologic deficits and associated co-morbidities by reducing intrauterine exposure and likely improving function and quality of life in these children. 13 In this article, anesthetic management issues for open fetal repair of myelomeningocele will be reviewed. Important considerations for the anesthesiologist involved in open fetal procedures, including perioperative implications of maternal and fetal physiology, fetal anesthesia, preoperative evaluation, intraoperative anesthetic techniques, post-operative management, and post-natal concerns will be included. Anesthetic techniques described in this article are similar to those used in other types of open fetal surgery. A discussion of perioperative anesthesia considerations for minimally invasive fetoscopic surgery and other types of in utero procedures can be found elsewhere. 14 
The Development of Fetal Surgery
Technical advancements of obstetric ultrasonography and improved prenatal diagnosis of anomalies paved the way for development of fetal surgery. They fostered an interest in prenatal repair of congenital defects and allowed surgical planning and intervention earlier in gestation. Initial attempts at human fetal surgery began in the 1980s with in utero treatment of urinary obstruction resulting in bilateral hydronephrosis. 15 With continued improvement in ultrasound resolution, various surgical techniques, monitoring technologies, and anesthetic management, the scope and prevalence of fetal surgery has steadily risen over the past 30 years.
In 1982 the International Fetal Medicine and Surgery Society was established. This group developed criteria for specific malformations and diseases that could be considered for in utero intervention. These criteria focus on severity, diagnosis, previous research, maternal counseling, availability of appropriate resources, and inclusion of a multidisciplinary team. 16 Two primary types of fetal surgery exist, minimally invasive and open.
Minimally invasive procedures rely on uterine access with needles, trocars, and fetoscopes to perform ultrasound guided or endoscopic interventions. This type of fetal surgery is well established in many locations across the United States and Europe. One of the most common procedures, fetoscopic laser coagulation in twin-to-twin transfusion syndrome, has become the usual treatment modality in many centers, since untreated twins with this condition have a high rate of pregnancy loss. 17, 18 This procedure reduces pregnancy loss with minimal risk to the mother.
Open procedures involve both maternal laparotomy and hysterotomy. Specialized anesthetic techniques are required to maintain uterine relaxation and novel uterine stapling devices are used to minimize blood loss and seal membranes to the myometrium. Open repair is necessary for larger anatomic lesions currently not amenable to fetoscopic repair, such as myelomeningocele and congenital cystic adenomatoid malformation with secondary nonimmune hydrops fetalis (fetal cardiac failure with corresponding edema) not amenable to drainage or shunting. Compared to minimally invasive procedures, an open repair carries a greater chance of morbidity for the mother and the fetus. Similar to living related organ donation, open procedures incur significant maternal risk without direct medical benefit from the surgery. Early studies examining open fetal surgery suggested considerable possibility of preterm labor and uterine dehiscence, as well as an increased risk of preterm delivery and fetal mortality. 19, 20 Additional maternal and fetal risks include not only those from general and regional anesthesia during pregnancy, but also hemorrhage, infection, damage to adjacent organs, pulmonary edema, pulmonary embolism, oligohydramnios, chorioamniotic membrane separation, and need for fetal resuscitation. In a single institution retrospective review of 87 hysterotomies performed for fetal surgery between 1989 and 2003, 28% of mothers had pulmonary edema, 52% had premature rupture of membranes, 13% required blood products, 9% had chorioamnionitis, and the risk of preterm delivery was high and occurred at a mean gestational age of 30 weeks. 21 Although the occurrence of significant pulmonary edema and hemorrhage has decreased substantially and is now relatively rare, maternal mortality is possible following the procedure. 22, 23 Finally, women who have open procedures require cesarean delivery for this and all future pregnancies secondary to the location of the hysterotomy. The risk of uterine dehiscence or rupture in a subsequent pregnancy is significantly higher following hysterotomy for fetal surgery, compared even to multiple low transverse cesarean sections. Furthermore, compared to women undergoing repeat low transverse cesarean delivery, women with a prior classical incision (such as performed for open procedures) have a higher rate of intensive care unit admission, longer operative time and hospital stay, but similar rates of major maternal and neonatal morbidity associated with subsequent deliveries. 24 Fetal surgery and the presence of a hysterotomy scar appear to have negligible impact on future fertility 25 , but likely increase the risk of placenta accreta. 26 Despite the associated risks, open procedures for fetal repair have great potential for improving newborn outcome, specifically for the fetus with myelomeningocele. 12, 13 The
Management of Myelomeningocele (MOMS) Trial
Decreased neurological morbidity, and improved motor and sensory function was originally shown in animal models of open fetal myelomeningocele repair. 12, 27 Early studies looking at open in utero repair of myelomeningocele in humans suggested a reduction in hindbrain herniation, but risks to both the fetus and mother were apparent. 19, 20 These findings led to the development and recent publication of an unmasked, randomized, prospective clinical trial examining the potential benefit of open fetal surgery, The Management of Myelomeningocele Study (MOMS). 28 The MOMS trial had the primary goal of determining the safety and efficacy of repairing neural tube defects in utero when compared to post-natal closure. The primary outcome measures were: 1) composite of fetal or neonatal death; 2) need for ventriculoperitoneal shunt placement by 12 months of age; and 3) composite mental development and motor function at 30 months of age.
Inclusion criteria were: 1) singleton pregnancy; 2) gestational age 19-26 weeks; 3) upper myelomeningocele border of T1-S1; 4) normal karyotype; and 5) maternal body mass index < 35. The trial was stopped for efficacy after 183 out of 200 patients were enrolled, as it demonstrated fetal surgery reduced the need for ventriclo-peritoneal shunts and also improved motor outcomes at age 30 months. However, open repair was noted to carry risk for both the mother and fetus; preterm birth and partial or complete uterine dehiscence were the most common risks. Maternal and fetal/neonatal complications that were significantly different between the prenatal and postnatal repair groups in the trial are listed in Table 2 . Perioperative management of these patients can be challenging, and a multidisciplinary approach is key to optimal patient outcomes and program success. Within the team, the role of the anesthesiologist is to ensure maternal and fetal safety while providing reliable operating conditions for the surgical repair. Consequently, the anesthesiologist must understand the physiologic changes of pregnancy, and how they affect the perioperative management of both the mother and fetus.
Maternal Physiology
Due to diagnostic considerations and inclusion criteria of the MOMS trial, patients currently undergo open fetal repair at 19-26 weeks gestation. Therefore, the physiologic changes of pregnancy are apparent and significantly affect anesthetic management. Although these changes of pregnancy are detailed elsewhere 29, 30 , specific perioperative considerations resulting from these changes have been included in later sections addressing the clinical patient management. These physiologic based considerations are similar to those for pregnant patients undergoing non-obstetric surgery during pregnancy. 31, 32 There is an emphasis on the need for left uterine displacement, potentially challenging airway management, changes in oxygenation and ventilation, increased risk of aspiration, and vigilance in maintaining adequate uterine perfusion and fetal oxygenation.
Fetal Physiology
A detailed understanding of the fetal cardiovascular system, neurologic system, and uteroplacental interface is essential for anesthetic providers. Without adequate monitoring of fetal physiologic changes, the potential for intraoperative fetal demise is markedly increased.
Changes in fetal heart rate have significant impact on fetal cardiac output 33 , because the fetal myocardium is less compliant than adult myocardium and far less responsive to changes in preload. 34 Fetal echocardiographic monitoring and blood flow assessment in the umbilical artery are important in assessing fetal well-being during the perioperative period. Any prolonged decrease in fetal heart rate or significant change in umbilical artery flow dynamics during a fetal procedure should be viewed as an ominous sign. Both absent and reversed umbilical artery diastolic flow are associated with increased perinatal morbidity and mortality. 35 In the setting of abnormal umbilical artery flow, immediate measures should be taken to improve uterine perfusion, ensure an intact utero-placental interface, and relieve any umbilical or placental compression. In some cases fetal resuscitation may be necessary.
Fetal blood volume increases throughout gestation. Approximately two-thirds of the fetalplacental blood volume is contained within the placenta. 36 During the second trimester (the usual window for fetal surgery), blood volume has been estimated to be approximately 120-160 mL/kg of fetal body weight 37 , with hemoglobin values ranging approximately 11.5 to 12.5 g/dL in otherwise healthy fetuses 18 to 26 weeks gestational age. 38 Although fetal liver function is not yet mature, coagulation factors are synthesized independent of the maternal circulation. The serum concentrations of these factors increase with gestational age and do not cross the placenta. However, fetal clot formation in response to tissue injury is decreased in comparison to adults.
The fetus is highly dependent on maternal body temperature, unable to thermoregulate, and does not vasoconstrict or shiver in response to decreased core temperature. Induction of general anesthesia, surgical exposure and hysterotomy can all reduce fetal temperature dramatically. Decreases in fetal temperature can lead to bradycardia. 39 Consequently, maintenance of maternal euthermia, use of warmed fluid for intrauterine irrigation during surgery, and monitoring of both maternal core and amniotic fluid temperatures are all essential to ensure fetal well being.
Fetal oxygen delivery relies on adequate uterine blood flow, with the placenta as the interface between the fetal and maternal circulatory systems. Oxygen transfer to the fetus is dependent on several factors, including the ratio of maternal to fetal blood flow, the oxygen partial pressure gradient, the respective hemoglobin concentrations and affinities, placental diffusing capacity, and the acid-base status of the fetal and maternal blood (Bohr effect). Because the fetal oxyhemoglobin dissociation curve is left-shifted (greater oxygen affinity), the maternal oxyhemoglobin curve is right-shifted (decreased oxygen affinity), and an oxygen partial pressure gradient is present across the placenta, oxygen transfers from the mother to the fetus.
Fetal Analgesia and Anesthesia
The capability of the fetus to perceive pain is a highly controversial subject. Invasive fetal procedures clearly elicit a stress response 40 , but it is unclear if this response correlates with conscious perception of pain. By 19 weeks gestational age, a fetus can reflexively withdraw from a noxious stimulus without involvement of the cerebral cortex. 41 Peripheral sensory receptor nociception is transmitted by a reflex arc of afferent fibers that synapse on spinal cord interneurons which then synapse with motor neurons. This stress response can be mediated in the spinal cord, brain stem, or basal ganglia, without cortical involvement.
It is generally accepted that the experience of pain requires higher cortical processing. Pain recognition necessitates intact neural pathways from the periphery through the spinal cord, to the thalamus, the primary sensory cortex, and other higher cortical structures. Cerebral cortical development is complex, and it is difficult to know when thalamic pain fibers reach the cortex. Estimates can be made from histological studies of other thalmocortical circuits. Thalamic projections reach the visual subplate at 20-22 weeks 42 , the visual cortex at 23-27 weeks 43 , and the auditory cortical plate at about 26-28 weeks gestation. 44 Given this, it is unlikely that fetuses can experience pain before 24 weeks gestation since the cortex must undergo such significant development and establish highly complex neuronal networking.
Based on electroencephalographic studies, cortical activity occurs only 2% of the time in 24 week gestation fetuses 45 ; but by 34 weeks, electrical activity is present 80% of the time and electroencephalogram patterns become more distinct. 46 This suggests that even if pain fibers reach the cortex at 24 weeks gestation, the signals may not translate into what we perceive as pain.
Notably, the fetus exhibits pituitary-adrenal, sympathoadrenal, and circulatory stress responses to noxious stimuli as early as 18 weeks gestation. 47, 48 These stress responses are largely mediated in the spinal cord, brain stem, or basal ganglia, rather than the cortex. Although, they are blunted by opioid administration 40 , reduction of stress hormones are not necessarily indicative of adequate analgesia. 49 Moreover, these stress responses are different than the multidimensional, subjective phenomenon that we experience as pain.
The long-term consequences of an untreated fetal stress response are unclear, and it is not known definitively when fetuses can experience pain. Therefore, it seems prudent to provide analgesia during fetal surgical procedures. 50 Providing adequate fetal anesthesia and analgesia inhibits fetal movement during a procedure, prevents the hormonal stress responses associated with poor surgical outcomes in neonates, and may attenuate long-term neurodevelopmental and behavioral concerns. 51 Fetal anesthesia during open fetal surgery is provided primarily by the placental transfer of maternally administered volatile anesthetics. Intramuscular or intravenous opioid analgesics, such as fentanyl, are also typically administered to the fetus prior to fetal repair. Volatile agents rapidly transfer across the placenta because they are non-ionized, have a low molecular weight, and are highly lipid soluble. Anesthetic gas concentration in the fetus is dependent on both the maternal inspired agent concentration and the duration of anesthetic agent administration to the mother. Exposure of the fetus to volatile anesthetic agents, however, is also not without risk. High concentrations can depress fetal myocardium and lead to progressive fetal acidosis. 52 At volatile anesthetic concentrations typically required to ensure uterine relaxation (>2 minimum alveolar concentration), animal models have noted significant reductions in maternal cardiac output with a subsequent decrease in uterine blood flow by up to 30%. 53 This leads to diminished oxygen delivery and fetal hypoxia. Additionally, animal models have demonstrated increased placental and fetal vascular resistance with halothane use, leading to increased afterload on the fetal heart. 54 Recently, a retrospective analysis of echocardiographic data from both open fetal surgery cases and exutero intrapartum treatment procedures noted that use of high concentrations of desflurane may cause moderate to severe left ventricular systolic dysfunction in the fetus. 55 Another concern is that volatile agents may cause neuronal apoptosis in the developing brain. This was initially suggested in 2003, when an anesthetic consisting of midazolam, nitrous oxide, and isoflurane was shown to destroy neurons in the developing brain of 7 dayold rats and cause long-term impairment of brain function. 56 Further work in primates also demonstrated widespread neurodegeneration in the neonatal period after exposure to isoflurane. 57 It is not currently known if anesthetic agents similarly affect human neonates or fetuses. Several retrospective human studies investigated this area of concern with inconclusive results. A recent retrospective cohort trial noted that a single short anesthetic exposure in children less than 2 years old did not have long term cognitive implications, however, exposure to multiple anesthetics was a significant risk factor for development of learning disabilities. 58 Another retrospective study examined anesthetic exposure and cognitive outcomes in twins, and found no causal relationship between early anesthetic exposure and learning disabilities. 59 Although there is concern that neurotoxicity might occur in human fetuses or children exposed to anesthetic drugs, current research remains inconclusive about the long-term effects of anesthetic agents on brain function in humans. In 2007, a Food and Drug Administration advisory committee concluded that no change in clinical practice is justifiable based on current data. 60, 61 The cognitive effect of anesthetic exposure on fetuses during fetal surgery remains unknown. Unfortunately the cognitive dysfunction associated with myelomeningocele makes research difficult in this population. Until further human studies are completed that assess the impact of anesthetics on human neural development, maternally administered volatile anesthetics remain the primary agent for fetal anesthesia during open fetal surgery.
Preoperative Assessment
In order to optimize maternal safety and fetal outcome, the entire multidisciplinary team should be actively involved in counseling, planning, and providing perioperative care, including team members from the disciplines of pediatric surgery, neurosurgery, anesthesiology, maternal fetal medicine, diagnostic imaging, nursing, neonatology, and social work. Regular discussions and multidisciplinary team meetings are crucial to the success of each case. Maternal counseling prior to the procedure should be thorough, unbiased, and accurately reflect the most recent data. In addition to maternal and fetal risks, a detailed discussion of the sequence of perioperative events should be outlined so all questions may be answered. Surgery should not proceed until full informed consent is obtained. If the fetus is at a viable age (i.e. greater than 24 weeks gestation), maternal counseling regarding a detailed resuscitation plan for the neonate should be discussed in the event that an emergent delivery becomes necessary. In the case of a viable fetus, a neonatologist should be immediately available during the procedure.
Ensuring the mother is an appropriate surgical candidate is critical for a successful outcome. As previously detailed, the MOMS trial excluded high-risk maternal candidates and fetuses with other anomalies or abnormal karyotypes. Outcomes of fetal surgery for patients in these excluded categories are unclear, and surgical intervention for these patients is not well established.
Open fetal surgeries have many unique anesthetic issues and a summary of perioperative considerations for myelomeningocele repair is listed in Table 3 . A thorough preoperative history and physical by the anesthesiologist is essential. Specific attention to the impact of pregnancy on the mother is sought, including symptoms of recent illness, dyspnea, syncope, dizziness, and gastric reflux. Preoperative laboratory assessment includes a complete blood count and cross match. In addition to matched maternal blood, type O-negative, leukocyte depleted, irradiated, cytomegalovirus negative blood that is also cross-matched against the mother should also be in the operating room, readily available for the fetus, as maternal IgG antibodies cross the placenta. Imaging studies are reviewed for anatomical information regarding the fetal lesion, estimation of fetal weight, determination of other co-existing fetal anomalies that would preclude fetal surgery, and to define exact location of placental borders. The preoperative evaluation should occur a few days before the anticipated surgery date to allow a thorough evaluation, appropriate multidisciplinary planning, and time for the mother to decide if she wants to proceed with surgery. Once a mother has been thoroughly evaluated, determined to be an appropriate candidate, and elects to undergo an open fetal repair, an operative date is planned. Ideally, surgery occurs mid-second trimester, prior to 26 weeks gestation.
The mother should be appropriately fasted prior to surgery. Before induction of anesthesia, a lumbar epidural is placed for postoperative pain management. An epidural test dose is administered, but the epidural is not activated. Rectal indomethacin is placed for prophylactic tocolysis, and an oral non-particulate antacid is given for aspiration prophylaxis. Preoperative analgesics (narcotics) are not administered routinely for these cases at our institution in order an effort to reduce the degree of hypotension that may be encountered with administration of high concentrations of volatile anesthetics. Given the complex nature of the procedure, all team members should be present and equipment checked prior to entering the operating room.
Intraoperative Anesthetic Considerations
When all teams are ready to proceed, the patient is brought into the operating room and positioned with left-uterine displacement on the operating table. Sequential compression devices are placed onto the mother's lower extremities to reduce the risk of deep vein thrombosis. Maternal monitors are placed and fetal well being is verified with ultrasound. After preoxygenation and confirmation of surgical readiness, a "rapid-sequence induction" with cricoid pressure and intravenous administration of propofol and succinylcholine is typically performed. Fetal heart rate and umbilical artery blood flow are monitored during induction using ultrasonography. Absent or reverse diastolic flow is considered worrisome and measures are taken to improve fetal perfusion. These include optimization of maternal blood pressure and oxygenation, as well as additional uterine displacement. After confirmation of tracheal intubation, anesthesia is maintained with a volatile agent (< 1 minimum alveolar concentration) while a urinary bladder catheter is placed, and an ultrasonographer reconfirms fetal position, placental location and a clear path between the planned uterine incision and the fetal spine. A second, large-bore intravenous catheter is placed to facilitate management of the unlikely possibility of sudden blood loss from the hysterotomy. Arterial catheterization for invasive monitoring may be considered, particularly when a nitroglycerine infusion is planned for uterine relaxation. Use of crystalloid during the procedure should be kept to a minimum (< 2 liters) to decrease the risk of maternal pulmonary edema following the procedure. 62 Although fluid administration in the MOMS trial was kept to a minimum, no clinical trials have proven a benefit of this fluid reduction. However, some open fetal surgery centers choose to limit fluids even further (<500 ml). The use of tocolytics such as magnesium sulfate and nitroglycerine increase capillary leak and therefore the risk of maternal pulmonary edema. Although not routinely used at all open fetal centers, colloid administration may also be considered to expand intravascular volume while minimizing total fluids. Drugs for fetal resuscitation, including single-unit doses of atropine (20mcg/kg), epinephrine (10 mcg/kg) and crystalloid (10mL/ kg) are transferred in a sterile fashion into individually labeled syringes held by the scrub nurse for immediate fetal administration by the surgeon in case of distress. A final discussion amongst all team members (surgical time-out) and administration of maternal prophylactic antibiotics occurs prior to skin incision.
Following surgical incision, the volatile anesthetic agent is increased to provide uterine atony for the surgical procedure. Under normal circumstances, the uterine muscle contracts in response to stimulation. This myometrial contractility is inhibited by calcium sensitive potassium channel modulation by volatile anesthetics. 63 Consequently, > 2 minimum alveolar concentration of volatile anesthetic is typically attained prior to uterine incision. Uterine relaxation is confirmed by manual palpation by the surgeon and additional volatile agent is titrated as needed. In addition, uterine relaxation may be supplemented with intravenous boluses of nitroglycerine (50-200 mcg), or an intravenous nitroglycerine infusion started to further relax uterine musculature 64 . For circumstances in which a neuraxial anesthetic technique is preferred, a continuous catheter-based anesthetic technique can be performed along with an intravenous infusion of nitroglycerine in doses up to 20mcg/ kg/min. 64 Nitroglycerine administration increases the occurrence rate of maternal pulmonary edema during open fetal surgery, perhaps by acting as a nitric oxide donor forming peroxynitrite, which may damage type II alveolar cells and cause lung injury and pulmonary edema via an immune-complex mediated reaction. 62 During this period of profound anesthesia (>2 minimum alveolar concentration volatile agent), maternal blood pressure must be maintained. Typically the mean arterial pressure is kept within 10% of maternal baseline. Frequently this requires vasopressor administration. An infusion of phenylephrine provides predictable hemodynamic control while minimizing effects on fetal acid-base status. 65 Ephedrine or glycopyrolate boluses can also be administered as needed to maintain maternal heart rate and improve cardiac output. 66 Nondepolarizing muscle relaxants are usually not needed due to the profound depth of anesthesia, but may be used to improve operative conditions. In order to optimize the location of the uterine incision, the intrauterine location and position of the fetus are confirmed with ultrasonography just prior to hysterotomy. A typical ultrasound image and initial exposure of the fetus are shown (Figure 2A) .
Following a small uterine incision, a stapling device with absorbable lactomer uterine staples is used to extend the hysterotomy while preventing excessive myometrial bleeding and sealing the membranes to the deciduas and myometrium. 67 This point in the procedure requires specific vigilance by the anesthesiologist, as the stapling device can misfire, resulting in massive hemorrhage given the profound uterine relaxation. After the hysterotomy is complete, the fetus remains intrauterine, but its back is exposed for repair ( Figure 2B ). Following the hysterotomy, the table is leveled for the neurosurgical portion of the procedure. An intrauterine infusion of warm crystalloid maintains uterine volume, provides a tamponading pressure to the placental bed, may help prevent cord compression during the procedure, and maintains fetal temperature. Uterine fluid temperature is continuously monitored to prevent fetal hypothermia and associated bradycardia and circulatory compromise 39 .
An intramuscular injection of opioid (fentanyl 10-20 mcg/kg) with or without muscle relaxant (e.g. pancuronium or vecuronium 0.1-0.3 mg/kg) is administered to the fetus under direct vision ( Figure 2C) . Alternatively, the injection can be administered prior to hysterotomy using ultrasound guidance. Although anesthetic concentrations of halogenated agent are transferred to the fetus via the placenta, fentanyl further decreases the fetal stress response, and administration of a muscle relaxant can ensure fetal immobility and improve operating conditions. Some centers additionally administer prophylactic intramuscular atropine to the fetus in order to prevent against bradycardia. All three medications may be combined in the same syringe and administered as a single unit dose. An operative microscope is positioned over the exposed myelomeningocele. The neurosurgeon identifies the neural structures and divides the neural placode from the adjacent tissues (Figure 3) . Following closure of the dura over the neural placode, the fetal skin may be closed primarily ( Figure 4) or with an acellular dermal patch ( Figure 5 ).
Intraoperative fetal monitoring is essential. Surgical manipulation of the uterus and the fetus can significantly reduce placental blood flow and uteroplacental circulation. Direct compression of the maternal inferior vena cava, uterine vasculature, umbilical cord, or fetus can compromise fetal circulation and be catastrophic. Methods of fetal monitoring include continuous fetal pulse oximetry with a sterile probe, intraoperative ultrasound, and fetal echocardiography. Fetal arterial oxygen saturation ranges from 40-70% 68 , and bradycardia often precedes oxygen desaturation during human fetal surgery. 69 Umbilical cord arterial flow is periodically assessed to further evaluate fetal well-being and the effects of the anesthetic and surgical procedure on both placental and fetal blood flow. Constant vigilance for maternal and fetal bleeding is needed. Both maternal and fetal blood loss can be difficult to quantify, and laboratory tests may be necessary to evaluate hematocrit values. Fetal transfusion should be considered with any significant fetal blood loss, and can be transfused directly into the umbilical vein or by placing a fetal intravenous line.
In the rare case of maternal circulatory collapse, if resuscitation has been unsuccessful after four minutes, the fetus should be delivered emergently. Evacuation of the uterus relieves aortocaval compression, improves the effectiveness of cardiopulmonary resuscitation, and increases maternal and possibly fetal chances for survival. 70 A neonatologist should be readily available if imminent delivery occurs, and resuscitation should proceed with the current Neonatal Resuscitaiton Program algorithm and guidelines. 71 As soon as uterine closure begins, a 4 to 6 gram loading dose of magnesium sulfate is administered intravenously over 20 minutes for tocolysis. Magnesium acts on myometrial calcium channels, where it hyperpolarizes the plasma membrane, inhibits myosin light chain kinase activity, and reduces myometrial contractility. 72 Following the loading dose, an intravenous infusion is started at 1 to 2 grams per hour. It should be noted that magnesium potentiates neuromuscular blockade and muscle relaxant administration should be carefully monitored. Once the magnesium bolus is complete, halogenated anesthetic agents are significantly decreased or discontinued. The epidural is activated, and maternal anesthesia is typically maintained with neuraxial blockade, nitrous oxide, propofol, and/or intravenous fentanyl boluses. This allows adequate time for the volatile agents to be eliminated from maternal tissues and facilitates a safe and timely emergence. Maternal tracheal extubation should only occur after the patient is awake and able to protect her airway.
Postoperative Management
Postoperative management of fetal surgery patients focuses on tocolysis, fetal monitoring, and maternal analgesia. It is not uncommon for patients to experience early uterine contractions. Uterine activity should be continuously monitored. A magnesium infusion is administered for 24 hours postoperatively. Other tocolytic agents, such as indomethacin, beta adrenergic agents such as terbutaline, and calcium channel blockers such as nifedipine can also be used, and frequently two agents are necessary. Indomethacin can cause premature closure of the ductus arteriosis. Therefore, regular fetal echocardiography must accompany indomethacin use.
Fetal heart rate monitoring should be continuous in the immediate postoperative period, and a plan for emergent delivery should be in place should fetal distress occur. Postoperative concerns besides preterm labor include infection, fetal heart failure, fetal intracranial hemorrhage and fetal demise. Maternal pulmonary edema can also be seen following fetal surgery. If suspected, a chest radiograph can confirm this finding. Although most cases do not require intubation, the time to resolution is variable but often requires multiple days of treatment. 62 Patients with suspected pulmonary edema should be evaluated for possible critical care admission, positive pressure ventilation, supplemental oxygen, upright positioning and diuretic therapy.
Postoperative analgesia is maintained with an epidural catheter. Intravenous opioids can also be used if necessary, and often a patient controlled analgesia administration device is used for pain control after epidural discontinuation. Effective analgesia might help prevent preterm labor by decreasing plasma oxytocin levels 70 , however opioids can decrease fetal heart rate variability 73 and make interpretation of the fetal heart rate tracing more challenging.
Parameters for maternal discharge from the hospital include persistent fetal well-being, adequate amniotic fluid level, appropriate familial support, and a qualified and willing perinatology practice in the patient's home area. We recommend that patients remain in the local area, in close proximity to the fetal surgery treatment facility for at least two weeks postoperatively. During outpatient care, amniotic fluid levels, integrity of fetal membranes, fetal growth and ventricular size, fetal heart tracing and non-stress tests, as well as cervical length are assessed weekly. A course of steroids can be administered to improve fetal lung maturity secondary to concerns of premature delivery. Due to the need for cesarean delivery and classical hysterotomy, delivery occurs at 37 weeks gestation. Patients presenting to local hospitals following fetal surgery should be considered high risk, as their often incompletely healed hysterotomy scar can increase the chance of uterine rupture, as well as emergent cesarean section. All patients undergoing cesarean delivery following open fetal surgery should have large bore intravenous access, as well as be typed and crossed for four units of packed red blood cells.
Postnatal Considerations
Following birth, neonates that have undergone fetal myelomeningocele repair need a full evaluation. Consults from neurosurgery, pediatrics, orthopedics and urology should be obtained. Head ultrasound assessing ventricular size and need for shunting should be performed as needed. Renal ultrasound, urologic dynamic studies, and hip ultrasound should be done per consultants request. The lumbar repair site should also be evaluated. Patients with primary closure often are well-healed ( Figure 4) ; patients with patches may have small skin defects ( Figure 5 ). These defects usually close without intervention after two to three weeks. Latex precautions should be observed. Prior to hospital discharge, appropriate follow up in a spina bifida clinic should be arranged.
Ethical and Legal Considerations
The MOMS trial showed benefit for the child if myelomeningocele closure occurs in utero.
However, many babies receiving prenatal intervention were born prematurely (average gestational age at birth 34 weeks) in comparison to babies who were operated on postnatally (average gestational age at birth 37 weeks). The risks associated with prematurity should not be overlooked. Morbidities such as respiratory distress syndrome, necrotizing enterocolitis and intraventricular hemorrhage have life-long implications for the child and carry substantial cost 74 .
There is some debate as to whether the results of the MOMS trial are applicable to fetal intervention performed at centers outside the trial institutions. Only 15% of maternal candidates wanting fetal intervention met enrollment criteria and the length of the trial spanned 8 years of surgical experience. Outcomes from new institutions with little experience and patients outside the inclusion criteria are likely to have less favorable results with increased morbidity. 75 To address this concern, a bioethics committee from the American College of Obstetricians and Gynecologists and the American Academy of Pediatrics provided recommendations for centers offering fetal repair of myelomeningocele. 76 This committee noted the need for a thorough informed consent process, appropriate safeguards in the conduct of maternal-fetal research, the need for a multidisciplinary approach, and the need for collaborative research networks. Despite the cost of the randomized controlled trials, and given the concerns about transferring the results to new institutions, it is clear that initiation of clinical research in fetal surgery is necessary to appropriately balance the unique risks and benefits of future advancements.
A recently published European study compared 19 fetuses undergoing intrauterine endoscopic myelomeningocele repair to matched controls. 77 An extraordinarily high complication rate of both mothers and fetuses was noted. Of the 19 enrolled, 3 fetuses died during the procedure and another 3 cases were stopped secondary to uncontrolled bleeding caused by the procedure. Although fetal repair was associated with spinal segmental neuroprotection, it resulted in significantly more complications. It was concluded by the authors that, "before considering clinical implementation of fetal endoscopic myelomeningocele closure as standard care, the frequency of complications should be appropriately reduced and results assessed in larger groups over a longer period of time. 77 " Ethical considerations regarding the principal concept of primum non nocere argues that until a procedure is appropriately tested in animals it is unethical to pursue in human trials. 78, 79 As the prominence of fetal surgery increases, legal questions will arise. 80 For example, a pregnant patient can currently consent to fetal surgery, but if its efficacy becomes more clear, will she legally be allowed to decline intervention? Are physicians morally or legally obligated to inform women about the availability of fetal surgery? If a patient were enrolled in a trial early in gestation and randomized to a nonfetal treatment group, what are the implications if she desires termination? Can a patient be held to an agreement of nontermination for study enrollment? These questions are challenging ones that will need to be addressed as fetal surgery further develops.
Conclusions
Anesthesia for fetal surgery represents a relatively young and expanding specialty within the field of anesthesiology. Open fetal repair incorporates elements from anesthetic management of traditional cesarean delivery, ex-utero intrapartum therapy procedures, nonobstetric surgery during pregnancy, and pediatric surgery. The moratorium on prenatal myelomeningocele repair has been lifted following the MOMS publication, and other centers are now exploring the possibility of opening fetal treatment centers of their own. Meanwhile, additional data analysis from the trial is ongoing, and long-term outcomes of these patients needs to be assessed. Currently, open fetal repair is rarely performed in Europe 81 , this will also likely change. It is important that anesthesiologists appreciate maternal and fetal physiology to better care for these patients in the surgical and postsurgical setting.
More work is needed to establish the effect of volatile anesthetic agents on the developing fetal brain, and help understand whether early anesthetic exposure as a fetus has an effect on postnatal cognitive function. Other future considerations include the role of anesthesia subspecialty training, and perhaps even development of standard guidelines for fetal anesthesia. Appropriate patient selection and timing of the intervention needs to be better established. Other indications for open fetal surgery exist, including prenatal intervention for congenital cystic adenomatoid malformations, congenital heart disease and sacrococcygeal teratomas. Certainly, there is a need for further randomized, controlled trials in both animals and humans looking at outcomes from fetal intervention. Advances in fetal therapy will require careful assessment of fetal benefit as well as fetal and maternal risk, as fetal surgery remains one of only a few procedures that pose morbidity and mortality to two patients. Term neonate with large lumbar myelomeningocele. 
Conditions Associated with Myelomeningocele
Infants born with myelomeningocele are faced with various life-long disabilities. Although the degree of motor and sensory disability is associated with the level of the vertebral defect, the functional level of neurologic deficit is frequently one or more levels higher than the anatomic defect. Nearly all infants born with a myelomeningocele have supraspinal neurologic manifestations of the disease process. Blood products typed and cross matched for potential maternal and fetal transfusion; fetal blood should be type O-negative, leukocyte depleted, irradiated, CMV negative, and cross-matched against the mother 
